Nonsilica oxide glasses have been developed and studied for many years as promising alternatives to the most used silica glass for the development of optical fiber lasers with unique features and properties. Depending on the glass former of choice, these glasses can offer very distinctive physical properties if compared to silica-based glasses. With regard to the development of photonic fiber devices, these key properties include low phonon energy, high rare-earth ion solubility, high optical nonlinearity and easy handling procedures. This chapter, part I of a detailed study concerning nonsilica oxide glass-based optical fiber laser sources, reviews the main properties of three different nonsilica oxide glass families, namely phosphate, germanate and tellurite. The manufacturing process of an optical fiber using these glass materials is also discussed in Section 3 of this chapter. optical glasses became key player materials for the fabrication of lenses for telescopes and microscopes, thus enabling tremendous development of modern science [1] . Finally, long haul optical fiber-based backbone networks are based on extremely pure and low loss glasses, which then are enabling materials for the internet revolution [2, 3] .
Introduction
Inorganic glasses have been playing a key role in the development of optical devices and instruments, thanks to the unique combination of different properties: they are transparent in the visible region, mechanically stiff and resistant, chemically durable and can be easily manufactured into different highly homogenous forms and sizes. Starting from ancient times, transparent glasses were fabricated to make windows and goblets, then later, thanks to the improvement in the glass manufacture brought about by Venetian masters in the Middle Age, stable glass compositions were processed into eyeglasses, lenses and mirrors. High-quality techniques used to manufacture optical fiber preforms out of these glasses and the fiber drawing are then discussed in Section 3.
Nonsilica oxide glasses
Engineering a glass for a specific photonic application requires the knowledge of some key parameters that enable its use. In reviewing the main oxide glass system alternative to silicabased compositions, we will focus on the following properties: solubility of RE ions, chemical durability, thermal stability, mechanical reliability, ease of fabrication, fiber drawing ability, nonlinearity and phonon energy. This last property is less familiar outside the community of glass scientists working on active materials for lasers. In studying a suitable material for coherent sources in the mid-IR, a particular effort is required to design hosts that minimize their interaction with the electronic transitions of the ions leading to the emission of photons. High phonon energy glasses cause the decay from an excited state to a lower state to occur via nonradiative emission of heat, in the form of phonons, thus decreasing the overall efficiency of the laser emission [4] . In this section, these properties of phosphate, germanate and tellurite glasses are reviewed. Table 1 lists the main physical properties of the phosphate, germanate and tellurite glasses reviewed in this chapter and their values compared with silica-based glass [11] [12] [13] [14] [15] [16] [17] [18] .
Synthesis of nonsilica oxide glasses
The synthesis of silica glass has been subjected to continuous evolution, with the aim of reducing the causes of extrinsic absorption due to the presence of impurities, namely transition Table 1 . Main properties of nonsilica oxide glass systems.
Nonsilica Oxide Glass Fiber Laser Sources: Part I http://dx.doi.org/10.5772/intechopen.73488 metal ions and water. This led to the development of chemical vapor deposition methods: these synthesis routes utilize chemical precursors in vapor phase as starting reagents, which are transformed into the final oxide components by reaction with oxygen at very high temperatures. These techniques allowed the fabrication of optical fibers capable of providing <0.2 dB/ km ultra-low loss in the third telecom window.
Chemical precursors involved in the synthesis of multicomponent nonsilica oxide glasses have very distinct vapor pressures, making high-purity vapor-based fabrication techniques unsuitable for this type of glass compositions. Instead, traditional glass melting techniques must be implemented. Chemical precursors are weighed and batched into a crucible typically made of alumina, silica or a noble metal such as Pt or Au. The glass batch is then melted in a high-temperature furnace for few hours under controlled atmosphere. Typical melting temperatures for the glasses under consideration in this chapter are 800, 1200 and 1300 C for tellurite, germanate and phosphate glasses, respectively. Because of the corrosive nature of some of the chemical precursors involved, this melt casting process leads to an inevitable degree of optical contamination, both related to the initial purity of the chemical precursors but also to possible cross-contamination occurring through the whole preparation process. Crucible material is of prime importance, as some degree of dissolution in the glass can occur during the melting process [19] . Although the final glass material produced through this process does not compete with the purity of standard silica glass preform, yet optical losses below 100 dB/km are readily achievable under meticulous and clean melting conditions. Moreover, the melt casting process provides the advantage that the glass can be easily shaped using adequate casting mold geometry. This feature is largely exploited when preparing multicomponent glass preforms, as discussed in the following paragraphs.
Phosphate glasses
Pure phosphate glasses have not been historically as popular as silicate glasses, because of their poor chemical stability and mechanical properties [20] , which, however, could be significantly improved by the addition of proper modifier and intermediate ions [21, 22] . Phosphate glasses were mainly used for HF-resistant glasses and for other niche applications [20] . Later on, research works on phosphate glasses were stimulated by the wide range of potential and commercial applications of these materials, from the treatment of hard-water [23] to biomedicine [24] and for the storage of radioactive wastes [25] .
Optical quality phosphate glasses, initially developed by Schott and coworkers, were of interest also for their UV transparency [26] , but found no significant applications due to their poor stability. However, the need of a suitable gain medium for high-peak power lasers such as the one developed within the framework of the inertial confinement fusion (ICF) research led to a resurge in their employment, after careful engineering of the compositions [27] .
Structure
The basic units that constitute the phosphate glass are the P-tetrahedra, with a central phosphorous atom surrounded by four oxygen atoms. These are connected through bridging oxygen (BO) atoms to give different phosphate anions. The tetrahedra are classified using the Q i terminology [28] , where 'i' represents the number of tetrahedra linked to the unit (shown schematically in Figure 1 ).
Depending on the oxygen to phosphorous ratio, phosphate glasses can be classified into a series of subcategories, from ultra-phosphate (O/P ≤ 3) to ortho-phosphate (O/P = 4).
The O/P ratio in vitreous phosphate (v-P 2 O 5 ) is derived from the stoichiometry of the pure compound and it is equal to 2.5. The basic unit of the structure of the v-P 2 O 5 is the Q 3 tetrahedron, which has three covalent bonds via BO atoms with the neighbor tetrahedra and a terminal shorter bond via nonbridging oxygen (NBO) atoms.
The structural strength and chemical durability of the optical phosphate glass can be improved by adding appropriate components, as described in several patents and papers [29] [30] [31] . Metal oxides added to v-P 2 O 5 can improve the physical properties and chemical stability of the system. In more detail, alkali metal oxides R 2 O (R = Li, Na, K, Rb and Cs) can be added to the glass to increase the RE solubility [32] . Network intermediates R 2 O 3 (R = B and/or Al) are also added in phosphate glasses to improve their chemical durability and mechanical properties and to decrease the solubility in water. If the amount of R 2 O 3 is too low, the glass is water soluble, while if the amount of R 2 O 3 is too high, an increase in the glass transition temperature (T g ) and the crystallization temperature occurs [33] . In particular, even a small addition of R 2 O 3 can significantly improve the mechanical properties of the phosphate glass. This is due to the particular behavior of R 3+ ions that can have both tetrahedral and trigonal coordination [33] [34] [35] . The presence of alkali-earth oxide MO (M = Mg, Ca, Ba, Sr and Zn) in the glass prevents the devitrification and improves the chemical durability [35] . When the amount of MO is too low, the glass is hygroscopic and has poor chemical durability and poor optical quality; when the amount of MO is too high, the glass tends to devitrify [29] .
In conclusion, the addition of various dopants, such as alumina, alkali and earth-alkali oxides, was demonstrated to reinforce the phosphate glass network. Moreover, when RE ions were added, the glasses proved to be suitable materials for lasers, showing an interesting combination of low nonlinear refractive index and high optical gain.
Phosphate glasses as laser material
Phosphate glasses doped with Nd 3+ ions have proved suitable for the fabrication of large monolithic active material sections constituting the high-peak power laser at Lawrence Livermore Laboratories and in other laser ignition facility infrastructures around the world [27] . This was possible by developing compositions with high durability, which displayed a high-emission cross-section, low nonlinear refractive index and high energy storage and extraction characteristics [36] . Besides, phosphate glasses, with respect to silicate glasses, can be fabricated free of Pt inclusions, which may cause catastrophic damage to the optical active material [37] .
More recently, the development of high-peak pulsed optical amplifiers asked for materials able to incorporate high amounts of RE ions, and phosphate glasses became an ideal candidate since up to 10 21 ions/cm 3 of RE can be accommodated without clustering effects [38] . This is important for pulsed optical amplifiers, where nonlinear optical effects must be minimized: phosphate glass allows reducing the length of the amplifier with respect to the silica counterpart. In addition, phosphate glasses are also less susceptible than silica to photodarkening [39] and display cross-sections.
Finally, their mechanical reliability allows the integration of phosphate fibers with commercial silica fibers through cleaving and arc fusion splicing [40] .
Phosphate glasses used for lasers in the eye-safe wavelength region usually incorporate erbium (Er 3+ ) as activator ion, with emission centered at around 1550 nm corresponding to the radiative decay from the 4 I 13/2 excited state to the ground state 4 I 15/2 (see Figure 2 ). Like in the case of Figure 2 . Energy level diagrams of Yb 3+ and Er 3+ ions. The main pumping mechanism of the sensitizer-activator scheme is also reported.
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Nd 3+ , also the cross-section of Er 3+ ions in phosphate host is high: values at peak of around 7.0 Â 10 À21 cm 2 are reported with respect to values of around 5.5 Â 10 À21 cm 2 for silica [4, 41] . In order to improve the overall efficiency of the lasing process, ytterbium (Yb 3+ ) ions are often employed as sensitizer in combination with Er 3+ ions: thanks to the superior absorption crosssection at the pump wavelength (980 nm) of these ions, the excitation from the ground state 2 F 7/2 to the 2 F 5/2 excited state takes place. The energy is then transferred to the 4 I 11/2 excited state of erbium, which decays through the nonradiative 4 I 11/2 ! 4 I 13/2 transition followed by the radiative transition 4 I 13/2 ! 4 I 15/2 . This energy transfer reduces the threshold of the laser emission and improves the efficiency of the device [42, 43] . The interplay between ytterbium and erbium ions is depicted in Figure 2 . Phosphate glass represents, with respect to silica, an ideal host because its high phonon energy allows obtaining transfer efficiencies up to 95% [44] .
The lifetime values of the excited state corresponding to the upper laser level provide useful indications of the population inversion ability of the emitter. A higher lifetime value is preferred because that will allow the large population inversion needed for high gain and low noise optical amplifiers. In the case of lasers, high lifetime values will permit lower pump power to reach the laser threshold, with resulting higher efficiency in laser emission and lower heat accumulation in the material. Silica, given the lower oscillator strength of the 4 I 13/2 ! 4 I 15/2 transition, displays generally a higher lifetime value (10.80 ms) than phosphate glass (8.25 ms) [4] . However, phosphate glasses maintain high lifetime values even for high erbium concentrations: values of 7.5 ms are reported for an erbium concentration of 6 Â 10 20 ions/cm 3 [45] .
Germanate glasses
Pure germanium oxide was obtained in its glassy state around 90 years ago [19] , showing similar properties to silica in terms of mechanical strength and chemical stability, although the high cost of the raw materials did not make it an attractive alternative. However, since the Ge▬O bond displays a lower energy than Si▬O, germanate glasses present a shift to lower wavenumbers in their phonon energy with respect to silica from 1100 to 900 cm À1 ,t h u s extending the transparency window up to 4.5 μm [46] . GeO 2 glass was thus proposed as optically transparent material alternative to silica for telecom applications, thanks to the intrinsically low attenuation at the wavelength of 2 μm [47] . Lead germanate glasses [48] were developed and studied in the view of laser beam delivery above 1.5 μm [49] .RE-doped alkali germanate glasses were explored as magneto-optic materials: Faraday angle rotation was measured, providing a linear variation of Verdet constant with the concentration of RE ions [50] .
Structure
The structural units of pure germanium dioxide glass are GeO 4 tetrahedra. Binary alkali germanate glasses undergo a change from 4-fold Ge to 6-fold Ge (GeO 6 octahedra), with a corresponding increase in density and refractive index, which reaches a maximum at around 15 mol% of M 2 O modifier. Higher values of modifier produce a progressive formation of 4-fold coordinated Ge accompanied by a gradual depolymerization of the network through an increase of nonbridging oxygens. This behavior is also known as the "germanate anomaly" [51, 52] .
Lead germanate glasses are made of a mixture of 4-and 6-fold coordinated Ge, which, with increasing the doping level of lead, turns into a predominance of GeO 4 tetrahedral units.
These characteristics, together with high RE solubility, make them very interesting for the development of laser devices operating above 1.5 μm.
Germanate glasses as laser material
Germanate glasses, among oxide soft glasses, are the best in terms of mechanical properties, thanks to the great similarity of GeO 2 with SiO 2 . Lead germanate glasses show an outstanding resistance to devitrification [53] and a wide transmission window, while offering a suitable environment for RE ions, thanks to the low phonon energy of 920 cm À1 .
For the above-mentioned reasons, the main studies of germanate glasses were focused on those RE ions emitting at wavelengths above 1.5 μm, namely Tm 3+ ,Ho 3+ and Er 3+ .
Tm 3+ ions are of interest for the emission in the mid-IR wavelength region at around 2 μm. A maximum output power of 346 mW and a slope efficiency of 25.6% were obtained when pumping a 1 mol% Tm-doped germanate glass by a 790 nm laser diode [54] . The glass was characterized by good forming ability and chemical durability and exhibited a large emission cross-section of 8.69 Â 10 À21 cm 2 , a high quantum efficiency of the Tm 3+ : 3 F 4 level of 71% and a low nonradiative relaxation rate of the 3 F 4 ! 3 H 6 transition of 0.09 ms À1 .
In view of enhancing the intensity of the 1.8 μmemissionofTm 3+ ions, the Yb 3+ ion codoping is commonly adopted due to the large absorption of Yb 3+ at the diode-pumping wavelength of 980 nm. Among the interesting sensitizers, Yb 3+ presents the advantage of displaying a simple energy level scheme, which is beneficial for obtaining large absorption and emission crosssections and for avoiding any undesirable excited state absorption under intense pumping [55] . The radiative characteristics and spectroscopic properties of Yb 3+ /Tm 3+ -codoped bismuth germanate glasses with different concentrations of Yb 2 O 3 were thoroughly investigated under the excitation of a conventional 980 nm laser diode [56] . The efficient sensitization of Tm 3+ ions with Yb 3+ ions was proved by the larger energy transfer coefficient (4.81 Â 10 À40 cm 6 /s) and higher energy transfer efficiency (89%) from Yb 3+ to Tm 3+ ions. Moreover, a noticeable peak emission cross-section value of 7.66 Â 10 À21 cm 2 was calculated based on the emission spectrum.
It is worthwhile noting, however, that the intense upconversion emissions at 480 and 800 nm generated by the strong excited state absorption in the Tm 3+ /Yb 3+ -codoped glasses [57] and the lack of flexible pump sources make the sensitization of Tm 3+ ions with Yb 3+ ions not always advantageous. To overcome these drawbacks, transition metal (TM) Cr 3+ ions have been successfully employed as a sensitizer for their two intensive and broad absorption bands from ultraviolet to near-infrared range, which offer a variety of selective pump wavelengths. An enhanced 1.8 μm emission band of Tm 3+ : 3 F 4 ! 3 H 6 in an extremely extended excitation band of 380-900 nm was obtained in fluorogermanate glasses through strong sensitization of Cr 3+ when pumped by an 808 nm laser diode [58] . An energy transfer efficiency from Cr 3+ to Tm 3+ as high as 91.10% was calculated based on experimental data, thus proving that these Cr 3+ /Tm 3+ -codoped fluorogermanate glasses are promising matrices for applications in near-infrared eye-safe fiber lasers and amplifiers.
Besides Tm 3+ , other promising RE ions in pursuit of the fabrication of high-power and efficient laser sources in the wavelength region around 2 μm are the Ho 3+ ions. The energy levels of the two ions are reported in Figure 3 . The emission cross-section of Ho 3+ is about five times higher than that of Tm 3+ and, in addition, the fluorescence lifetime of Ho 3+ is promising in view of developing Q-switched lasers [59] . Unlike Tm 3+ ,Ho 3+ cannot be pumped directly by using the common commercially available laser diodes operating at 808 or 980 nm for the lack of a suitable absorption band. One intriguing approach to overcome this issue consists in the sensitization of Ho 3+ ions with other RE ions exhibiting strong absorption bands near the wavelength of existing commercial laser diodes, such as Yb 3+ , which displays strong absorption bands near 980 nm.
The 2 μm emission properties and energy transfer processes of Ho 3+ -doped germanate glasses sensitized by up to 12 mol% of Yb 3+ were deeply investigated with the purpose of manufacturing a near-infrared eye-safe solid-state laser [60] . The emission cross-section of the Ho 3+ : 5 I 7 ! 5 I 8 transition near 2 μm was 8.6 Â 10 À21 cm 3 , and the coefficient of the forward energy transfer (Yb 3+ : 2 F 5/2 ! Ho 3+ : 5 I 7 ) revealed to be 19 times larger than that of the backward transfer (Yb 3+ : 2 F 5/2 Ho 3+ : 5 I 7 ). Interestingly, the glass codoped with 5.0 mol% Yb 2 O 3 and 1.0 mol% Ho 2 O 3 displayed the highest gain in the 2 μm region.
The mid-infrared emission properties at around 2.85 μmi nH o 3+ /Yb 3+ -codoped germanate glasses characterized by a noticeably low OH À absorption coefficient of 0.24 cm À1 and also by a low phonon energy equal to 790 cm À1 were reported [61] . The glasses exhibited a large spontaneous transition probability of 36.66 s À1 , corresponding to the Ho 3+ : 5 I 6 ! 5 I 7 transition, and a broad 2.85 μm fluorescence. Moreover, a peak emission cross-section of 9.2 Â 10 À21 cm 2 and a predicted maximum gain per unit length at 2.85 μm of 4.3 dB/cm were achieved.
Another interesting research work thoroughly investigated the 2.05 μm emission of Ho 3+ : 5 I 7 ! 5 I 8 and the energy transfer mechanisms of Ho 3+ sensitized by Tm 3+ and Er 3+ in novel Ho 2 O 3 ,T m 2 O 3 and Er 2 O 3 triply doped germanate glasses [62] . The maximum value of Nonsilica Oxide Glass Fiber Laser Sources: Part I http://dx.doi.org/10.5772/intechopen.73488 emission cross-section of Ho 3+ at around 2.05 μm proved to be 8.003 Â 10 À21 cm 2 , and a noticeable enhancement in the 2.05 μm emission of Ho 3+ : 5 Among the different RE ions able to efficiently emit in the mid-IR wavelength region, a prominent role is played by Er 3+ , which is an ideal luminescent center for the 2.7 μm emission corresponding to the 4 I 11/2 ! 4 I 13/2 transition and can be directly pumped by using the commercially available and low-cost 808 or 980 nm laser diodes.
For the above-mentioned transition, high spontaneous radiative transition probability of 30.09 s À1 , large emission cross-section equal to (14.84 AE 0.10) Â 10 À21 cm 2 and superior gain performance were obtained from 1 mol% Er 3+ activated germanate glasses characterized by good forming ability and thermal stability [63] . Moreover, La 2 O 3 and Y 2 O 3 modified 1 mol% Er 3+ -doped germanate glasses with good thermal stability were also synthesized, and their peak emission cross-sections corresponding to the 4 I 11/2 ! 4 I 13/2 transition revealed to be (14.3 AE 0.10) Â 10 À21 cm 2 and (15.4 AE 0.10) Â 10 À21 cm 2 , respectively [64] .
Tellurite glasses
TeO 2 cannot form a noncrystalline solid if quenched rapidly, since the compound does not obey the Zachariasen's rules for glass forming [65] . More stable glasses are obtained when a modifier ion is added, such as BaO, ZnO or Na 2 O, the first discovery of glass formation dating back to Berzelius in 1834 [19] . Tellurite glasses have been studied and developed mainly for photonic applications: they offer an interesting alternative to silica mainly because of their high refractive index, good chemical stability and the lowest phonon energy among oxide glasses [12] . They were initially investigated for their potential use as optical amplifiers in the third telecom window. They represent a valid alternative to fluoride glasses as host materials for Tm 3+ ions operating at the wavelength of 1.47 μm, as part of the thulium-doped fiber amplifier (TDFA). Indeed, tellurite glasses display a wider bandwidth, better depopulation of 3 F 4 level and higher absorption and emission cross-sections, which increase the efficiency of the amplification [66] . Another interesting feature of tellurite glasses, unique among oxide glasses, is their high refractive index, which opens perspectives for the use of these materials for supercontinuum generation in the mid-IR wavelength region [67] . Faraday angle rotation using both passive and RE-doped tellurite glasses has also been investigated [68] .
Structure
Tellurium oxide-based glasses are structured into a predominance of TeO 4 units in trigonal bipyramid arrangement (4-fold coordinated Te, sp 3 d hybridization), which with the addition of modifier ions change into TeO 3 trigonal pyramids (3-fold coordinated Te, sp 3 hybridization). An intermediate structure of TeO 3+1 polyhedron was also detected using several types of spectroscopic techniques [69, 70] .
In tellurite glasses, the TeO 4 trigonal bipyramid (tbp) structural units contain two axial oxygen atoms (O ax ) at a distance of 191 pm from the Te atom and two equatorial oxygen atoms (O eq )at the distance of 209 pm. The angles between O ax ▬Te▬O ax and O eq ▬Te▬O eq atoms are 169 and 102 , respectively. With the addition of glass modifiers, the Te▬O ax bonds become weaker and longer, which causes the structural change of some TeO 4 units into TeO 3+1 units and, in a following step, with increasing the amount of glass modifiers, into TeO 3 units. The different structural units are reported in Figure 4 . Such process is caused by the electron transfer from the glass modifier to a more electronegative (TeO 4 )4δ (where 0 < δ < 1 is a parameter representing the ionic character of the Te▬O bond) unit [71, 72] .
Tellurite glasses as laser material
Tellurite glass has been studied for laser emission since 1978, when the first Nd-doped bulk glass laser was demonstrated [73] by exciting it at the Ar-ion laser emission wavelength of 514.5 nm.
Among oxide glass systems, tellurite glasses are a promising glass host for near-IR and mid-IR lasers thanks to their peculiar properties. The high RE ion solubility (up to~10 21 ions/cm 3 ) within its amorphous matrix allows the realization of highly compact devices. Moreover, tellurite glasses display the lowest phonon energy among all oxide glasses (in the range of 650-800 cm À1 depending on the composition), which allows transmission further into the infrared (up to~5 μm), and high refractive index (~2.0), which means high absorption and emission cross-sections [74, 75] . Tellurite glasses are also more chemically, environmentally and thermally stable than other nonoxide glasses, making them an attractive option for reliable fiber device manufacturing [12] .
A drawback of tellurite glasses, like most oxide glasses fabricated from solid-state precursor materials, is the presence of hydroxyl ions (OH À ), which absorb in the mid-IR wavelength region. These ions could decrease the fluorescence intensity and ultimately lead to the deterioration of the laser performance and even inhibit the laser output [75] . In the tellurite glass system, significant results of RE ion emission in the mid-IR region have been reported from Tm 3+ ,Ho 3+ and Er 3+ [76] [77] [78] [79] [80] [81] [82] . Thulium (Tm) is an ideal choice for the realization of glass lasers in the~2 μm wavelength range, since it displays one of the broadest fluorescence bands among RE ions [83] due to the transition Tm 3+ : 3 F 4 ! 3 H 6 that is centered at around 1.8 μm. Tm 3+ has also the advantage of having an absorption band conveniently located at around 800 nm, which coincides with the output of low-cost and high-power commercial laser diodes. This pumping scheme allows obtaining two ions in the upper laser level for each pumping photon, thanks to a phononassisted cross-relaxation process that can potentially result in a laser action with 200% quantum efficiency [84, 85] . It is possible also to pump Tm 3+ directly into the upper laser level 3 F 4 , which has the potential benefit of a low quantum defect, but has the disadvantage of the lack of convenient low-cost and high-power sources operating in this wavelength range. Possible options that have been demonstrated are an Er 3+ /Yb 3+ -codoped tellurite fiber laser [84] and low-power semiconductor laser diodes [86] .
Spectroscopic properties of Tm 3+ -doped TZN (80 TeO 2 -10 ZnO-10 Na 2 O) and TZNG (75 TeO 2 -10 ZnO-10 Na 2 O-5 GeO 2 ) glasses were reported and studied in [76] . The measured full width at half maximum (FWHM) of the Tm 3+ : 3 F 4 fluorescence band in TZN glass was 200 μm, compared to 125 nm reported in ZBLAN [87] and 150 nm in silica [88] , thus resulting in an enhanced tuning range obtainable in tellurite glass host material. In this work, lasing was also demonstrated in TZNG bulk glass pumped at 793 nm by a Ti:sapphire laser, with a maximum output power of 124 mW and a slope efficiency of 28% with respect to the absorbed pump power. In order to enhance the quantum yield of Tm 3+ 1.8 μm emission, codoping with Yb 3+ was proposed [89] [90] [91] due to its efficient absorption at 980 nm, which is readily available from InGaAs laser diodes. Moreover, the simple energy level structure of the ytterbium ion offers also an additional benefit by avoiding undesirable excited state absorption (ESA). In [89] , an efficient energy transfer between Yb 3+ and Tm 3+ was demonstrated, transfer that increases along with Tm 3+ doping concentration. This study was however limited to low doping concentrations, while in [91] an investigation of the effect of Yb 3+ codoping on Tm 3+ ion spectroscopic properties when Yb 3+ ions content is higher than 2 mol% was conducted with the aim to identify a good candidate active material for short-cavity fiber lasers. This work showed that Yb quenching concentration is of the order of 13 mol% and far larger than Tm quenching concentration, thus allowing to use a Yb:Tm ratio up to 3:1 even for very high Tm concentrations.
The main shortcoming of the widely used TZN tellurite glass as laser material is its low thermal stability, which makes it less durable due to the large amount of heat generated in a laser. To alleviate this problem, a novel Tm 3+ -doped tungsten tellurite glass composition was developed, with a 50% higher T g and 36% lower coefficient of thermal expansion (CTE) [92] . The glass was used to demonstrate laser emission in fiber form under excitation through a commercial laser diode operating at 803 nm, although quite a limited slope efficiency (20% with respect to the absorbed pump power) was achieved.
Besides thulium, another RE capable of generating~2 μm laser emission is holmium (Ho), thanks to the transition Ho 3+ : 5 I 7 ! 5 I 8 . Considering the larger emission cross-section and longer lifetime of the lasing state, Ho 3+ is suitable for~2 μm laser, particularly for reducing the laser threshold [93] . However, one of the major shortcomings of Ho 3+ is the lack of ground state absorption transitions that overlap with convenient high-power pump sources, so codoping with another RE with a strong absorption band at around 800 or 980 nm, such as Yb 3+ or Tm 3+ , is commonly used [76, 79, 94] .
In [79] , 2.0 μm emission characteristics of Ho 3+ ions both by direct excitation and by sensitized excitation through energy transfer from Yb 3+ ions in a codoped barium-tellurite glass are detailed. A fluorescence band of 160 nm and an emission cross-section of 1.45 Â 10 À20 cm 2 were reported. These values resulted to be higher compared to those previously published for other glass systems. The emission intensity of Ho 3+ : 5 I 7 ! 5 I 8 was measured to be 8 times higher under the excitation at 980 nm through the energy level 2 F 5/2 of Yb 3+ ion when compared to the direct excitation of Ho 3+ . This is due to the high absorption cross-section of Yb 3+ ion alongside the highly efficient (86%) sensitized energy transfer from Yb 3+ : 2 F 5/2 to Ho 3+ : 5 I 6 .
Holmium presents also another interesting mid-IR emission at 2.9 μm from the transition Ho 3+ : 5 I 6 ! 5 I 7 . An extensive investigation of this holmium emitting level in a TZGB glass (74.5 TeO 2 -12.2 ZnF 2 -6.4 GeO 2 -4.2 Bi 2 O 3 ) was conducted in [78] . The result indicates that the main issues with this glass are water incorporation and the low luminescence efficiency of 5 I 6 level (8%). The reported numerical simulations indicated that the prospect for continuous wave (CW) operation on the 5 I 6 ! 5 I 7 transition in Ho 3+ -doped tellurite glasses is low.
In [95] , the 2.9 μm emission from an Yb 3+ /Ho 3+ co-doped tellurite glass (80 TeO 2 -15 (BaF 2 +BaO)-3 La 2 O 3 ) is investigated. The FWHM of the emission was 180 nm and the peak emission crosssection was 9.1 Â 10 À21 cm 2 , comparable to other hosts and even better than ZBLAN fluoride glass. The emission intensity increased many folds upon Yb 3+ excitation at 985 nm compared to direct Ho 3+ ion excitation, thanks to the high absorption of ytterbium at the pump wavelength followed by the resonant energy transfer from Yb 3+ to Ho 3+ ions.
Concerning erbium ion, it is an ideal choice for emission in the mid-IR wavelength range, thanks to its fluorescence at 2.7 μm corresponding to the Er 3+ : 4 I 11/2 ! 4 I 13/2 transition and the possibility to use 808 or 980 nm laser diodes as pumping source.
The potential of erbium-doped tellurite glass for the realization of compact laser devices at this wavelength was extensively investigated in [82] . In this work, it is shown that the presence of OH À groups in current state-of the-art Er 3+ -doped tellurite glass is high enough to suppress the 3 μm emission in the glass, due to a large energy transfer from the excited state to the OH À radical. Moreover, it was calculated from numerical simulations that in the absence of OH À impurities, the pumping intensity required for population inversion in an Er 3+ -doped tellurite CW fiber laser pumped at 976 nm is~80 kW/cm 2 for Er 2 O 3 concentrations ≥ 2.65 mol%. It was also established that a pump ESA process at 976 nm would have a detrimental impact on the performance of the fiber laser.
More recently, a barium tellurite glass host was proposed for obtaining 2.7 μm emission from erbium [80] . This glass possesses higher thermal properties compared to typical TZN glass and lower OH À content, thanks to the addition of BaF 2 . An optical fiber was prepared using the developed glass, and 2.7 μm fluorescence was measured upon excitation through a 980 nm laser diode. The feasibility of an Er 3+ -doped tellurite fiber laser operating at 2.7 μm based on this novel glass was also theoretically investigated, showing that the barium tellurite fiber is a promising candidate for the development of efficient mid-infrared fiber lasers [80] .
Nonsilica oxide glass optical fiber fabrication

Optical fibers
The next paragraphs present the very basic concepts of an optical fiber that are relevant to the understanding of the technological challenges behind the manufacturing of multicomponent oxide glass fibers.
A complete description of the concepts and working principles of the optical fibers is out of the scope of this chapter. For a detailed description, the reader can refer to the excellent textbooks given in [96, 97] .
The typical configuration of an optical fiber is shown in Figure 5 . It consists of a core made of a glass with a refractive index value n core surrounded by a cladding glass layer of refractive index n cladding . Although this is not always implemented at the academic level, a thin polymer coating (polyamide or acrylate type polymer) should be applied during the drawing process to strengthen mechanically the fiber and to protect it from long-term moisture degradation or other possible chemical contamination sources.
Electromagnetic radiations are confined in the core provided that the refractive index values of the core and cladding glasses meet the condition n core >n cladding .
Under this condition, at least one of the so-called electromagnetic or optical modes can be confined and propagate down the optical fiber core. In first approximation, the modes can be understood as a set of constructive interference patterns along the fiber. For illustration purpose, the intensity profile of the electromagnetic fields of few modes is shown in Figure 6 .
The number of propagating modes depends on the dimension and the difference of refractive index values between the core and the cladding glasses.
The normalized frequency parameter, V, for a step-index optical fiber is given by:
where λ is the wavelength in vacuum and a is the radius of the fiber core. If V < 2.4, the optical fiber can support only one propagating mode in the core. If any power is launched in the other modes at the fiber input, it will leak into the cladding material. 
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For numerous applications and in particular for the development of optical coherent sources, single-mode operation is highly desirable. The spatial and temporal properties of the propagating beam in a single-mode fiber can be managed with better control, making this fiber configuration more suitable for the development of high-performance sources.
Typically, a difference value down to 10 À3 between the refractive index values of the core and the cladding glasses can be achieved. According to equation (1), such refractive index difference value implies that to maintain single-mode operation, a typical core diameter must lay below the values of 15 and 30 μm for wavelengths in the 1 to 2 μm range, respectively
Double-cladding structure for high-power fiber lasers and amplifiers
The double-cladding strategy was developed to exploit the high pump power available from a laser diode [98] . The structure of the fiber allows to launch high pump power into the first cladding surrounding the core, as reported in Figure 7 . The pump power is confined within the first cladding, thanks to the second cladding. Along the fiber length, the pump radiation interacts numerous times with the core glass material. At each interaction, the RE ions contained in the core absorb part of the pump power. The excited RE ions subsequently reemit part of the absorbed power by a stimulated emission phenomenon. The reemission being then confined within the core, substantially the double-cladding structure converts low-brightness laser diode power into high-brightness fiber laser. 
Preform fiber drawing technique: process and main parameters
The drawing of a soft oxide glass fiber directly from the molten state has been reported [99] ; however, the versatility of this approach remains very limited as it requires substantial modification of the drawing facilities in order to change the fiber core/cladding ratio and diameter. Most importantly, the diameter and fiber structural control is difficult to achieve while glass crystallization often occurs at the edges of the crucible walls, impairing both the optical property transmission of the optical fiber due to the presence of scattering crystals and the fiber mechanical robustness.
Actually, as for the advanced silica glass fiber technology, the most employed technique for drawing multicomponent glass fibers is the preform drawing [100] . In this approach, the socalled preform, which is a "macroscopic" version of the fiber, is first manufactured using one of the procedures described in Section 2.1. For multicomponent oxide glass fibers, the typical dimensions of the preform range from 10 to 20 mm in diameter and few cm to 20 cm in length.
The preform is then placed in a drawing tower where it is heated up until the glass reaches a viscosity of about 10 5 Pa s. A schematic illustration of a drawing tower is shown in Figure 8 .
Under the combined effect of gravity and surface tension forces, the softened part of the preform drops down and thins down into a fiber, which is then pulled either using a capstan or attached directly onto a rotating drum at the bottom of the tower. The control of the dimension at the mm scale of the preform and the relatively high tensions, typically 0.1-1N , of the drawing process allows for a very precise control of the final fiber dimensions and geometry.
The control of the fiber diameter is achieved by tuning the speed at which the preform is being fed into the furnace and the speed at which the fiber is being drawn from the preform. For an incompressible liquid, mass conservation considerations lead to the following equation for the fiber diameter d fiber :
where d preform is the preform diameter and v preform and v fiber are, respectively, the preform feed speed and the pulling speed.
Drawing tower facilities
Commercial towers for soft glasses can be acquired from several specialized manufacturers; however, a cost-effective drawing tower can be developed in-house and leads to similar results in terms of fiber diameter fluctuations, which are typically of AE 1 μm over few tens of meters of fiber. For multicomponent oxide glasses, the main source of fluctuations/contaminations in the final fiber arises at the production stage of the preform, not during the drawing process itself.
The fiber drawing process of a multicomponent glass preform is carried out at a typical speed ranging from few m/min to 30 m/min at most. This is in contrast to the very high drawing speed used to produce telecom silica glass optical fiber, which reaches up to 20 m/s [100] . Because of this slow drawing speed, automated diameter adjustment through a diameter monitor feedback can be rather inefficient, especially in the academic field where very often one fiber is different from the next in terms of its glass composition or structure. As such, the furnace configuration and the feeding procedure of the preform into the furnace become crucial to ensure the diameter stability during the drawing process. Beside obvious parameters such as the temperature stability of the furnace, ensuring a steady laminar flow around the preform during the drawing procedure is key. The choice of the gas used N 2 /O 2 ,A ro rN 2 depends strongly on the glass composition. The low gas content in H 2 O is however necessary to avoid any detrimental effects, optical or mechanical, on the drawn fiber.
The furnace can be based on either resistive elements or an induction head where the susceptor consists of a simple metal or graphite ring. The latter approach offers the possibility to tailor easily and cost-effectively the hot zone by simply changing the susceptors.
Preform fabrication
Rod-in-tube
In the rod-in-tube technique, the preform consists, in its most simple form, of a rod of core glass inserted into a cladding glass tube. When heated up inside the drawing tower furnace, the cladding tube collapses around the core rod under the effect of gravity and surface tension forces. The two glass materials are then drawn together as a single concentrically structured fiber. For the process to take place in a controlled manner and to avoid excessive residual stress within the fiber, several important material aspects need to be taken into consideration. The two glasses must match in terms of thermomechanical properties: glass working temperature, glass transition temperature and thermal expansion values of the two glasses should match as much as possible. In practice, these constrains imply that the two glasses have similar compositions, which in turn limit the upper range of the refractive index difference value achievable.
It is also preferable that both the tube inner diameter and the rod diameter match each other closely to avoid structural deformation of the core or trapped air at the interface between the two glasses. The latter issue can be addressed by applying vacuum on the top part of the preform.
As illustrated in Figure 9 , to achieve a small diameter core dimension or manufacture the double-cladding structure, the preform preparation consists in an intermediate step where a core/cladding preform is thinned down into a cane, which is then inserted into another cladding tube to form a new preform. This process can be repeated several times depending on the thermal stability against crystallization of the glass compositions involved. This cane drawing process is carried out in the drawing tower but at higher viscosity and under higher tension than the fiber drawing process.
Core glass rod manufacture
The core glass rod arises from a single bulk glass casted into either a cylindrical-or rectangular-shaped mold. In the latter case, the bulk can then be machined into a cylindrical rod of the desired dimension. In both cases, the core glass rod needs to be polished preferably using a nonaqueous cooling liquid so as not to impair the optical transmission of the fiber. Figure 9 . (a) Implementation of an optical fiber preform using the rod-in-tube technique. Core glass rod in blue, cladding glass tube in red; (b) glass cane with a core/cladding structure obtained by drawing the preform shown in (a); (c) implementation of a small core/cladding diameter ratio preform by inserting the rod shown in (b) into an additional cladding glass tube. The cladding tube can be manufactured through different techniques. Drilling is carried out either using an ultrasonic drilling setup and/or using specialized diamond drilling bits. This approach allows for machining tubes reliably and with a great precision, making possible a precise control of the fiber dimensions through the drawing process. In addition, the glass does not go through a heating cycle, which could favor crystallization tendency.
There are, however, a number of drawbacks. Because of the brittleness of the glass, this is a slow and therefore time-consuming process. Drilling small diameter holes cannot be achieved over long lengths due to the mechanical flexibility of the drill bit itself. Thin wall tubes are also difficult to manufacture. Adding to the processing time, following drilling, the tube must undergo an additional polishing process not only to smoothen the wall roughness but also to clean up the walls from free glass particles that can be prone to crystallization during the drawing process.
Extrusion
An overview of the overall procedure and equipment of the extrusion process is given in [101] [102] . In the extrusion process, a bulk glass, typically 30 mm in diameter and 30-50 mm high, is loaded into a furnace apparatus open on top and bottom. A scheme of the process is reported in Figure 10 . The glass is heated up to a temperature corresponding to a viscosity of 10 8 Pa s. On the top part, a press ram applies a force on the glass bulk. The soften glass exits through the Figure 10 . Schematic of the extrusion process for manufacturing glass tubes. A glass billet (in red) is heated up until the glass reaches a viscosity of typically 10 8 Pa s. A high pressure is then applied onto the top billet surface through a mandrel. The softened glass is then slowly pushed out of the die through the bottom orifice of this latter. The orifice arrangement with a pin in its center allows for producing a glass tube.
bottom part of the apparatus, which consists of a funnel shape die where a spider setup allows for a pin to be held in the center of the die.
Typically, the pressure applied ranges from 1 to 6 GPa. For multicomponent oxide glasses, the dies can be manufactured out of standard stainless-steel material, although less reactive (more stable and inert) metals such as Inconel are sometimes preferable depending on the temperatures and glass compositions involved. The die surface finish plays an important role onto the surface quality finish of the extruded glass tube itself. Indeed, it is possible to extrude very high-quality surface finish tubes also because the process is carried out at a range of viscosity where surface tension is still effective.
Some swelling effect can occur and tends to distort the preform and modify its dimensions with respect to the die dimension. However, this effect can be limited through pertinent die design and temperature of operation. If compared to the drilling technique, the main disadvantage of the extrusion is that the glass goes through an extra heating cycle above the glass transition temperature (T g ), which can promote glass nucleation and crystallization. Nevertheless, the negative effect of this cycle is limited by the fact that the viscosity range considered is substantially high.
Rotational casting
The rotational casting [103] is carried out by casting the molten glass into a cylindrical mold ( Figure 11) , which is then tilted horizontally and rotated at a rotation speed ranging typically from 1000 to 2000 rpm while the glass inside the mold is still liquid. As the liquid cools down, it forms a glass tube inside the mold, which is then loaded into a furnace for glass annealing. Despite being a "manual craft" operation, if processed under the same conditions, the tube Figure 11 . Schematic of the rotational casting procedure for manufacturing glass tubes: (a) the molten glass is cast into a mold held in vertical position; (b) the mold is tilted in the horizontal direction and then rotated at high speed. A glass tube forms along the mold internal walls.
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inner diameter value is commonly reproducible within AE 5 %. The typical roughness value of the inner tube surface is below 10 nm. Such pristine surface is indeed particularly suitable for the development of optical fibers.
The rotational casting process takes place in a matter of seconds, making it a very fast production technique if compared to the two approaches described above. The main limitation of the rotational casting technique regards the range of inner tube diameter values achievable. Uniform tubes with small or large inner diameters can be difficult to achieve in a reproducible manner. Also, the technique is foremost restricted to glass compositions that display a low viscosity once molten. Silicate glasses, for instance, are unpractical for implementing the rotational casting technique.
Built-in-casting and suction casting approaches
The built-in-casting and suction casting techniques [104, 105] were developed to avoid some of the issues inherent to the rod-in-tube technique, the main purpose being to manufacture a single unit core/cladding structured preform. Both techniques involve the casting of the core material in a liquid state inside a cladding tube for the former approach or on the top of the cooling cladding glass for the latter approach.
These techniques can provide substantially low loss optical fibers and display the advantage to require low processing time. However, the control on the dimension and shape of the core is rather limited with, therefore, a very low reproducibility. Some degree of diffusion process also occurs at the interface between the two glasses. Because of these features, these techniques are being used only at an academic level.
